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Introduction

X-ray microscopy has made numerous critical con-
tributions to the current state of knowledge in inertial
confinement fusion (ICF) research! and in other areas
of laser-produced plasma research, and we expect it to
continue to be vital for experiments at the National
Ignition Facility (NIF). Examples of experiments rely-
ing on high-energy, high-resolution microscopy
include backlit shock radiography for diagnosis of
time-dependent radiation symmetry in hohlraums,
emission imaging of doped ICF capsules for diagnosis
of temperature and density uniformity in the com-
pressed core,® and shock trajectory measurements for
equation-of-state studies.>

Detector-mounted pinholes and slits are typically
used in experiments at Nova and at other facilities.
However, the extreme environment at NIF implies
that there will be an exclusion zone with a radius of
~200 mm, inside of which pinholes and associated
shielding mounted to the detector may not survive
high-energy experiments. This distance is farther than
desired for pinhole imaging due to diffractive degra-
dation of spatial resolution and to decreased collection
solid angles for a fixed magnification.

In anticipation of experiments at NIF, we have
begun a systematic investigation of various options
for x-ray imaging at energies of ~4-13 keV. X-ray
sources in this spectral region are generally line emit-
ters, and this implies that high efficiency is needed
only over a relatively narrow spectral region contain-
ing the emission line of interest. However, various
emission lines at different energies are of interest,
and this implies that quasi-monochromatic x-ray
imaging instruments should have flexibility in operat-
ing energy. In addition, minimization of neutron and
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high-energy x-ray backgrounds implies that the x-ray
detector should ideally be shielded from a direct line
of sight to the target, and also implies that at least a
moderate spectral selectivity is desirable. The experi-
ments envisaged here have different requirements, but
typically include 0.5- to 2-mm fields of view in one or
two dimensions, suitability for multiple-frame imaging
onto a gated camera for 2D applications, 2- to 10-um
spatial resolution at the source, magnifications of
4-40x%, and high efficiency for both emission and
absorption geometries.

The options being considered fall into two cate-
gories. The first category is short-working-distance,
expendable imaging elements, and includes primarily
pinholes and their 1D analog, slits. Pinholes have
proven to be versatile and simple to use; however, to
operate at NIF with useful collection angle and spatial
resolution, the pinhole must be mounted well within
the exclusion zone, with the result that the pinhole and
associated support structure will likely be destroyed
during the experiment. One solution is to mount the
pinhole on the target rather than on the detector; how-
ever, this will add an extra source of exploding debris
to the target that could also damage detectors and
could damage laser optics. In addition, premature pin-
hole closure during the experiment is a concern.
Possible options include tamping the pinhole with
plastic to mitigate closure during the experiment, and
placing a plastic wedge on the target side of the pin-
hole in order to control its trajectory. Reduced image
contrast due to a high-energy x-ray background trans-
mitted through the substrate may also be an issue for
some experiments.

The second category is long-working-distance,
reusable diagnostics that are designed to survive high-
energy experiments, and this category includes primar-
ily reflective-optic imaging systems. Types of imaging
systems being considered include metal-mirror
Kirkpatrick-Baez (KB) microscopes,” multilayer mirror
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KB microscopes,® bent-crystal KB microscopes, single
spherical” or toroidal!” crystal microscopes, and dual
spherical-crystal microscopes.!! More complex com-
pound grazing-incidence systems could also be consid-
ered, such as Wolter’s and similar variations, 1213 but
in any case versatility, simplicity of alignment, and cost
are vital practical considerations.

Our current strategy is to investigate short-working-
distance, target-mounted pinholes in Nova experiments
while simultaneously investigating reflective optic
imaging systems for long-term implementation at NIF.
The variety of design options is large, and we begin by
systematically investigating the advantages and disad-
vantages of the simplest reflective optic systems and
comparing them to pinholes and slits. We note that the
image exposure (e.g., in W/ cm?) obtained on a detector
by an imaging system can be written generally as
(Qn/ M M,)I,, where I is the spectrally integrated
source brightness (e.g., in W/ cm?*Sr), M, and M, are
the vertical and horizontal magnifications, Q is the col-
lection solid angle, and n is the collection efficiency
including any losses due to reflectivity or bandwidth
limitations. The scaled image brightness Qn /M My,
(units of Sr), achievable while meeting a specified
requirement for source spatial resolution over a given
field of view (FOV), therefore serves as a figure of
merit with which to weigh the various options.

Calculations and Results

In a detailed separate paper,'* we have investigated
the achievable image brightness for several options in
various configurations using analytical derivations
backed by numerical ray tracing. There, we used a geo-
metrical optics analysis to estimate Q and n for 1D and
2D imaging near 6 keV with the Mn K-a (E =5.9 keV,
NAA = 200) and the Mn He-a (E = 6.15 keV, NAA = 2000),
comparing the achievable image brightness for an Ir mir-
ror KB; a multilayer mirror KB ;15 depth-graded multi-
layer mirror KB;'® a bent-crystal KB using mica in 3rd
order, 10 Si (220) [Ref. 17], LiF (220) [Ref. 17], and Si (422)
[Ref. 17]; and a spherical crystal using Si (422) [Ref. 17],
CaF, (111) in 3rd order!® and quartz 2243.18 In this paper
we present only the results, and refer the interested
reader to Ref. 14 for further details.

In Figures 1 and 2 we plot the estimated image
brightness for 2D imagers using the Mn K-a source
and the Mn He-a source, respectively, assuming a
200-mm source/optic distance and a magnification
M =4, while maintaining a spatial resolution better
than 10 ym throughout a 2-mm FOV. For comparison,
we also plot the estimated image brightness for an
8-um-diam pinhole operating at M = 4 with a detector
distance of 200 mm. In Figures 3 and 4 we plot the
estimated image brightness for 1D imagers using the
Mn K-a source and the Mn He-a source, respectively,
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FIGURE 1. Estimated image brightness for several choices of 2D
imaging microscope configurations and mirror materials assuming
the Mn K-a line is used for imaging.  (08-00-0598-1166pb01)
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FIGURE 2. Estimated image brightness for several choices of 2D
imaging microscope configurations and mirror materials assuming
the Mn He-a line is used for imaging.  (08-00-0598-1167pb01)

assuming a 200-mm source / optic distance and a
magnification M = 40 in the spatially resolved dimen-
sion, while maintaining a spatial resolution better
than 3 ym throughout a 0.3-mm FOV and integrating
over a 0.3-mm region in the nonimaged dimension of
the target. For comparison, we also plot the estimated
image brightness for a 2.8-um-wide slit operating at
M = 30 with a detector distance of 200 mm. Those
instruments that are not capable of achieving the
required FOVs due to reflector or source bandwidth
limits (discussed later) are shown as open circles or
triangles in all cases.
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We first discuss the results for 2D microscopes. As
Figures 1 and 2 show, metal-mirror KB systems gener-
ally provide low image brightness compared with other
designs for the parameters considered, primarily due to
severe obliquity that necessitates small solid angles in
order to maintain the desired resolution over the FOV.
In addition, surface roughness becomes an increasing
problem for higher photon energies, and this can
degrade resolution by producing diffuse scattering.

For the parameters considered, a KB using conven-
tional multilayer mirrors is more efficient than one
using depth-graded multilayer mirrors. This is because
the bandpass of the conventional multilayer mirror is
sufficient to avoid chromatic vignetting of the collec-
tion angle, caused by the variation in the angle of inci-
dence 8 across the mirror surface, while providing a
peak reflectivity that is a factor of ~4 higher than the
depth-graded mirror. We note that in the bent-crystal
KB systems, the integrated reflectivity of each crystal
considered is small compared with that of a multi-
layer mirror, and the increased geometrical solid
angles achievable at larger 0 are more than offset by
decreased efficiency, resulting in low image brightness
for all bent-crystal KBs investigated.

It is clear in principle from Figures 1 and 2 that for
the 2D imaging cases we consider here, spherical crys-
tals operating within ~5-10° of normal incidence meet
the specified requirements for source resolution over a
specified FOV while providing the highest efficiency of
any system considered. This is because the geometrical
optics-limited collection angle is relatively large near
normal incidence, because chromatic vignetting of the
collection angle is less important near normal inci-
dence since 6 varies less across the aperture, and
because there is only one reduction in image bright-
ness for crystal efficiency. Indeed, we note that a two-
crystal KB using Si 422 mirrors yields an image
brightness only slightly higher than that obtained with
a single Si 422 spherical crystal, despite the fact that
the angle of incidence is far from normal (~65-70
degrees) and that the geometrical aberration-limited
collection angle of the KB is much greater than that of
the spherical mirror. Compared with multiple-crystal
compound sys’fems,11 the use of toroidal crystals may
generally be a more efficient means of increasing
image brightness for off-normal angles of incidence by
minimizing astigmatism and allowing larger apertures
to be used.

While the collection solid angle of a pinhole is small,
it has an efficiency of unity, and, for the parameters con-
sidered, the near-normal-incidence spherical crystals are
the only systems that yield an image brightness larger
than that obtainable with the chosen short-working-dis-
tance pinhole. Pinholes have compensating disadvan-
tages, however, including possible closure during the
experiment,® increased parallax across multiple-frame
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images, and high-energy x-ray transmission through the
substrate. The last problem could be alleviated by the
use of flat multilayer mirrors to reflect the image onto
the detector, potentially eliminating a direct line of sight
from the detector to the target.!

Many of the above comments also apply to the 1D
imaging results of Figures 3 and 4. The image bright-
ness of all bent-crystal KB systems are relatively low
compared with the other systems considered, and are
generally even lower than the Ir-mirror KB. However,
in the 1D imaging case, the conventional multilayer KB
yields an image brightness higher than any spherical
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FIGURE 3. Estimated image brightness for several choices of 1D
imaging microscope configurations and mirror materials assuming
the Mn K-a line is used for imaging.  (08-00-0598-1168pb01)
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FIGURE 4. Estimated image brightness for several choices of 1D
imaging microscope configurations and mirror materials assuming
the Mn He-a line is used for imaging.  (08-00-0598-1169pb01)
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crystal considered, by a factor >10. Much of this
increase is due to the fact that the horizontal KB mirror
is configured in this system to operate at M = 1, while
the spherical crystal must operate with M = 40 in both
dimensions. In addition, the choice of M = 1 eliminates
chromatic vignetting of the collection angle in the hori-
zontal dimension because the angles of incidence for
all rays from an on-axis source point are equal, thus
allowing the full (large) horizontal aperture to be used.
We note that a toroidal bent crystal is unlikely to yield
a significant increase in image brightness for 1D imag-
ing because high resolution is required in one dimen-
sion only. However, the spherical crystal retains the
significant practical advantage of simplicity, and the
reduction in image brightness is likely to be tolerable
in many cases provided the spherical crystal can actu-
ally meet the 3-um source resolution requirement.

The chosen short-working-distance slit in Figures 3
and 4 yields an image brightness equal to or larger
than that attainable with any reflective-optic imaging
system considered. However, the compensating disad-
vantages of the pinhole also apply to the slit, and are in
fact more significant here because the working dis-
tance is very short and the required slit width is very
small. Slit closure problems could be minimized by
moving the slit and detector farther from the target, at
the cost of reduced image brightness and more signifi-
cant diffraction limitations.

Discussion and Conclusions

It appears that spherical or toroidal crystals may be the
most promising general options for high-energy x-ray
microscopy applications at NIFE. These optics can provide
high throughput for 2D applications and can also pro-
vide good throughput for 1D applications, provided the
operating wavelength matches a useful emission line and
provided the bent crystal quality is high. Their simplicity
is also attractive, particularly for 2D applications requir-
ing multiple images onto gated microchannel-plate
strips. Due to the low integrated reflectivity of most use-
ful high-resolution imaging crystals, toroidal crystals are
apparently a more efficient means of increasing collection
angles for off-normal angles of incidence than com-
pound-crystal systems.

Multilayer KB systems using spherical mirrors
appear to be good options for 1D applications requir-
ing high spatial resolution over narrow FOVs, and are
most efficient when mirror bandwidths are just large
enough to avoid chromatic vignetting of the collection
angle while maintaining the highest possible peak
reflectivity. These systems are also good secondary
options for 2D applications. More complex multiple-
optic compound systems might allow larger collection
angles to be used provided the mirror bandwidths are
sufficiently large, but their net advantages would have
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to be weighed against their significant added complex-
ity and cost, particularly for 2D imaging applications.
Itis clear from Figures 1 through 4 that in many cases,
the specified FOV cannot be achieved with bent-crystal
KB systems or conventional multilayer-coated mirrors,
and in some cases cannot be achieved even with near-
normal-incidence crystals. This is due to chromatic
vignetting of the FOV, caused by finite source linewidths
and mirror bandwidths, and is particularly significant
with the narrowband He-a source in Figures 2 and 4.
For example, the maximum FOV of the multilayer mirror
KB is =0.3 mm in all cases; mica, Si (220), LiF (220), and
Si (422) bent-crystal KBs in Figures 2 and 4 have maxi-
mum FOVs of 0.06, 0.12, 0.2, and 0.4 mm respectively;
and the CaF, (111) spherical crystal in Figures 2 and 4 has
a maximum FOV of 0.7 mm. This obstacle to further
Bragg reflector microscope development could be
avoided by introducing apertures on the detector side of
the mirrors, as illustrated in Figure 5. Here, the aperture
is placed along the chief on-axis reflected ray at a distance
x = 2f from the mirror, where f= Mp/(M + 1). The aper-
ture width is chosen to limit the collection solid angle,
while the mirror dimension limits the FOV. This geome-
try is similar to that used in a high-resolution metal—
mirror KB microscope at Lawrence Livermore National
Laboratory,® where the backlight source was placed on
the Rowland circle and the backlight diameter limited the
collection solid angle and therefore determined the spa-
tial resolution. However, as noted above, backlit imaging
with the source on the Rowland circle will generally be
impossible at NIF due to limited flexibility in laser beam
pointing. The aperture technique described here does not
require a backlight source on the Rowland circle, does not
place any limitations on backlight dimensions, and can

Aperture

Mirror

FIGURE 5. Sketch showing how an aperture, placed behind a mirror
on the Rowland circle, can be used to minimize chromatic vignetting
of the FOV with Bragg reflector mirrors.  (08-00-0598-1170pb01)
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be used for emission imaging. Further research is
required in order to determine the geometrical limitations
to the aperture width and thus the collection angle for
this geometry.

The general utility of near-normal-incidence spherical
or toroidal crystals for high-energy x-ray imaging at NIF
and similar future facilities will depend on two main fac-
tors. The first is the limited choice of operating wave-
lengths, dictated by the requirement that 6 be near 90°
and by the limited number of useful crystal planes. We
have begun a systematic search for matches between
desirable source emission lines and crystal planes; how-
ever, further research will be required in order to deter-
mine the actual 2d spacings and integrated reflectivities
for these crystals while bent to spherical or toroidal
shapes. The second limiting factor for spherical crystal
imaging is crystal quality. For high-resolution imaging
applications, crystal perfection must be high, because
mosaic structure will result in degraded spatial resolu-
tion; only highly perfect crystals can be used, and this fac-
tor will further limit the choices of operating wavelengths
for spherical or toroidal crystals. Additionally, the
mechanical properties of bent crystals are also important,
as the crystals must retain high perfection while bent to
spherical or toroidal shapes. Further research is required
in order to assess these issues for specific crystal choices.
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